Oeschger and Berlyn found that many of the temperature-sensitive mutants of Escherichia coli which they isolated after mutagenesis carry uncharacterized nutritional requirements (13) . This observation is not surprising, since Adelberg and others (1, 6, 7, 9, 11) observed that potent mutagens, such as N-methyl-N'-nitro-Nnitrosoguanidine, have the potential to produce multiple mutations. These additional lesions hinder the genetic and biochemical characterization of the mutation of interest in the isolates, especially when a defined medium is required. This problem has been circumvented, with respect to the radiochemical labeling of cell proteins, by the preparation of a complex medium containing yeast extract deficient in one amino acid, tyrosine.
The tyrosine was removed from yeast extract by incubation with the enzyme tyrosine decarboxylase. This treatment selectively removed at least 98% of the tyrosine. Supplementation of a defined medium with the treated extract supported optimal growth of most prototrophic and auxotrophic strains of E. coli tested and enabled the efficient radiochemical labeling of their proteins. This medium can also be used for the efficient labeling of nucleic acids.
MATERILS AND METHODS
Organisms. JC1552, a K-12 derivative isolated by A. J. Clark (2) and obtained from K. B. Low, was used for most of the experiments reported in this paper. The strain is a multiple auxotroph and requires leucine, tryptophan, histidine, arginine, and methionine for growth. Many of the experiments were also carried out with MX386 (14) and MX554, a P1 prophagecured isolate of MX386 which also requires methionine, and MX399, a strain closely related to MX554 but derived from MX396 (14) .
Media. The base medium for all liquid cultures consisted of medium E (15), supplemented to 0.2% glucose and 0.6 mM tryptophan, and 1 mM each leucine, isoleucine, valine, histidine, proline, threonine, arginine, aspartate, glycine, glutamate, serine, glutamine, asparagine, lysine, methionine, and alanine.
Where indicated, this medium was further supplemented with either yeast extract or a tyrosine decarboxylase-treated preparation of yeast extract. Plate cultures were carried out on G agar, which was composed of 1% tryptone, 0.1% yeast extract, 0.25% NaCl, and 1.5% agar.
Preparation and treatment of yeast extract. A 20% (wt/vol) solution of yeast extract was prepared in deionized water by adjusting the pH to 5.5 with HCI. The particulate matter, often too fine to be visible to the naked eye, was removed by centrifugation (40,000 x g for 20 min), and the supematant was collected and filter sterilized (0.45-gm nitrocellulose filter). Attempts to remove the particulate matter by filtration with paper designed to collect very fine precipitates (such as Whatman no. 50) were only partially successful. Tyrosine decarboxylase suspended in the same yeast extract solution was added directly to the filter-sterilized solution of yeast extract (25 U/500 ml) and incubated at 37°C without further sterilization. A significant amount of the tyrosine decarboxylase did not dissolve in the yeast extract solution. This material was better left in suspension because its removal (by filtration) dramatically reduced the rate at which the tyrosine was degraded. The reaction was terminated, after the particulate matter contributed by the tyrosine decarboxylase was removed (0.45-im filtration), by heating at 121°C for 20 min. The treated yeast extract was stored at either -20°C (long-term storage) or 4°C (short-term storage).
Monitoring the removal of tyrosine from yeast extract solutions. Since tyrosine decarboxylase specifically releases the carboxyl carbon from the molecule (4), we followed the breakdown of tyrosine with [carboxyl-'4C]tyrosine added to portions of the reaction mixture. The initial rate of decarboxylation was assayed by a method adapted from that of Buhler (5) . The portions were incubated in closed tubes, the reaction was terminated at the desired times by the addition of H2SO4, and the released CO2 was trapped 914 OESCHGER in a piece of filter paper impregnated with Protosol. The amount of '4CO2 released was then quantitated by counting the papers in scintillation fluid.
The extent of the reaction was monitored by taking 0. mCi/mmol) and [3Hluridine (specific activity, 36.7 Ci/mmol) were products of New England Nuclear Corp. New England Nuclear also supplied the POPOP, PPO, Protosol, and Biofluor used in this work. All other chemicals were of reagent grade.
RESULTS
Preparation of digested yeast extract.
Yeast extract solutions (20%) were prepared for decarboxylation as described above. The progress of the decarboxylation was monitored by addition of [carboxyl-"C]tyrosine to portions of the yeast extract-tyrosine decarboxylase suspension. The initial rate of decarboxylation was determined by capturing and quantitating the '"CO2 released. Projections from these results suggested that, under the conditions used, all of the tyrosine would be removed within 24 h. Direct measurement showed that only 2% of the label remained in the yeast extract at this time. Further incubation did not reduce the level of residual label, nor did the addition of more enzyme, more nonradioactive tyrosine, or more undigested yeast extract. I then confirmed, by observing the rapid decarboxylation of additional [carboxyl-'4C]tyrosine introduced into a portion of the reaction mixture, that the tyrosine decarboxylase retained activity. These results indicate that the residual radioactivity might not have been tyrosine and that the removal of tyrosine was at least 98% complete. The treatments were routinely carried out for 24 to 36 h to ensure that the reaction had gone to completion.
The (Table 2 ). The treatment of the yeast extract had no effect on its ability to stimulate the growth of the bacterial strains tested (Table 2 ). Full stimulation of growth was obtained with 0.2% yeast extract supplementation, and concentrations up to 0.8% did not affect this rate (Table 3) . A 25-fold dilution of exponentially growing cells with base medium supplemented with 0.8% treated yeast extract produced no lag or alteration in growth rate (data not shown). These results indicate that treatment of the yeast extract with tyrosine decarboxylase did not remove any growth-stimulating component(s) or generate any toxic product(s). (Fig. 1) . Hence, supplementation of the defined medium with treated yeast extract not only enhanced the rate of cell growth, but, for reasons that are not clear, stimulated to an even greater extent the rate of " Before analysis, samples of the 20% yeast extract solutions were precipitated with equal volumes of 10% trichloroacetic acid. After the solutions stood at 4°C for 20 min, any precipitate which may have formed was removed by centrifugation (none was detected). The trichloroacetic acid was removed by three watersaturated diethyl-ether extractions, and the residual ether was removed by evaporation. Trichloroacetic acid-precipitated samples were diluted an additional 1,000-fold before analysis.
-, Not detectable.
[14C]tMrosine utilization (cf. Table 2 and Fig. 1 ).
Incorporation began immediately after the addition of tyrosine, and the rate remained constant until at least 50% of the tyrosine was incorporated (Fig. 1) . The initial rate of tyrosine incorporation by cells which had been cultured in the medium was proportional to cell density (Fig. 2) . In contrast, just after dilution with fresh treated medium, the incorporation was not proportional to cell density (Fig. 3) , whereas a similar dilution with treated medium which had previously been used for cell culture gave proportional results (data not shown). I conclude from these results that the treated yeast extract contained either residual tyrosine or an inhibitor of tyrosine uptake which was removed by growing cells. Figure 4 shows the effects of the level of yeast extract supplementation on the rate of incorporation ofadded radiochemically labeled tyrosine. The culture growing in medium supplemented with 0.8% treated yeast extract showed a reduced rate of uptake compared with that of the companion cultures, but no change in the extent of incorporation (Fig. 4a) . After an additional cell doubling, this effect disappeared (Fig. 4b) !ol of tyrosine (50 XCi/ml) was added per 0.8-mi cell culture. At the times indicated, 0.1-mlportions of the culture were withdrawn and added to ice-cold 5% trichloroacetic acid, and the precipitates were collected, washed, and counted as described in the text. most, 4.3 nmol of tyrosine remained per ml of 0.4% treated yeast extract. Growth to 4 x 108 cells per ml from an inoculum of 1 x 108 cells per ml (hence a net increase of 3 x 10i cells per ml) was sufficient to remove any residual tyrosine and inhibitors of tyrosine uptake from 0.4% yeast extract solutions ( Fig. 2 and 4) . When more radioactive tyrosine was added, more time was required for 50% incorporation (Fig. 5) . The line connecting the points in Fig. 5 did not extrapolate to zero, but to a value indicating the presence of an amount equivalent to 1.5 nmol of nonradioactive tyrosine per ml. This value should approximate the size of the intracellular tyrosine pool, because the cells had been grown to a level where all extracellular tyrosine should have been exhausted. In terms of carrying out efficient pulse-labeling experiments, the level of tyrosine in the cell did not pose a problem. When as little as 0.6 nmol of radioactive tyrosine was added per ml of culture, it was rapidly and efficiently incorporated, with 50% utilization taking place in approximately 30 s (Fig. 5) .
Another feature of the medium supplemented with treated yeast extract was that it permitted the radiochemical labeling of RNA with uridine. Although increasing levels of yeast extract supplementation decreased the rate of uridine incorporation, the rates remained sufficiently high for most experimental procedures (Fig. 6 ). 4 ,ul of["CJtyrosine (50#1Ci/ml) was added to each of the cultures (0.5 ml). Incorporation was terminated after I min by the addition of 5% trichloroacetic acid. The precipitates were collected, washed, and counted as described in the text.
(-----) Curve expected if the medium were free of tyrosine or an inhibitor of tyrosine uptake. (3, 4) . One of the products of its reaction, CO2, is volatile, and so under acidic conditions the reaction is driven toward completion. The other product, tyramine, does not appear to interfere with the uptake or utilization of exogenous tyrosine. The tyrosine decarboxylase preparation itself does not contribute significantly to the composition of the medium since only minute amounts of the enzyme are required. Finally, tyrosine is commercially available as a radiochemical with high specific activity (both 3H and "4C), which makes it an effective amino acid for protein labeling. Since tyrosine contains nine carbon atoms, a higher 14C specific activity can be obtained with uniformly labeled tyrosine than with most of the other amino acids. This fact helps to compensate for the lower-than-average molar abundance of tyrosine in most proteins (12) .
Composition of the complex medium. Initially, I attempted to pattern the treated medium after R broth (8), a medium routinely used in my laboratory. Preliminary experiments with the two complex components of the medium, yeast extract and tryptone (Difco), showed incomplete decarboxylation of the tyrosine in the tryptone. Oeschger and Berlyn (unpublished data) found that they could enzymatically remove the tyrosine from Casamino Acids (Difco) and therefore substituted Casamino Acids for tryptone. Treated yeast extract-Casamino Acids medium (13) 
